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Within a framework of 2D magnetohydrodynamic (MHD) simulations, we explore
the dynamical regimes initiated by a supernova explosion in a magnetized stratied
interstellar medium (ISM). We concentrate on the formation of large scale magnetic
structures and outflows connected with the Parker instability. For the sake of simplicity
we show only models with a xed explosion energy corresponding to a single SN occur-
ing in host galaxies with dierent xed values of the gravitational acceleration g and
dierent ratios of specic heats. We show that in general depending on these two pa-
rameters, three dierent regimes are possible: a) a slowly growing Parker instability on
time scales much longer than the galactic rotation period for small g, b) the Parker in-
stability growing at roughly the rotation period, which for ratios of specic heats larger
than 1 is accompanied by an outflow resulting from the explosion for intermediate g,
and c) a rapidly growing instability and a strong blowout flow for large g. By means of
numerical simulations and analytical estimates we show that the explosion energy and
gravitational acceleration which separate the three regimes scale as Eg2 ∼const in the
2D case. We expect that in the 3D case this scaling law is Eg3 ∼const. Our simulations
demonstrate furthermore, that a single SN explosion can lead to the growth of multiple
Parker loops in the disc and large scale magnetic eld loops in the halo, extending over
2-3 kpc horizontally and up to 3 kpc vertically above the midplane of the disc.
Key words: MHD { instabilities { ISM: bubbles { kinematics and dynamics { magnetic
elds { galaxies: halos
1 INTRODUCTION
Recent observations show the presence of dust in extended haloes of spiral galaxies which in some cases reaches out up to
distances of around 2 kpc above the galactic plane (Howk & Savage 1997). The dusty gas clouds can account for 10 % of the
total gas mass in the disc. This nding rises the central question of how this material is lifted up to the observed heights.
There are arguments against the classical scenario of SN explosions as an ecient mechanism for the transport of material
above the disc. An essential requirement to these mechanisms is that they must be soft enough in order to allow the dust
grains to survive when being spread over such large scales (a more detailed discussion can be found in Howk & Savage 1997).
Finally, the structure of the interstellar medium in the regions of interest may play a role in the transport mechanisms.
This structure, in turn, is determined by the dynamical processes which are taking place in the galactic plane. On the one
hand, the large scale supershells and holes observed in the Milky Way and in nearby face-on galaxies (Heiles, 1984, Brinks
& Bajaja 1986, Puche et al. 1992, Kim S. et al. 1999, Walter & Brinks 1999), the extended H and dust haloes observed in
nearby edge-on galaxies (Dettmar 1992, Sofue et al. 1994, Howk & Savage 1999, Tu¨llmann & Dettmar 2000), and the large
scale gas outflows in dwarf galaxies (Meurer et al. 1992, Martin 1996), are commonly thought to be connected with coherent
supernova explosions. On the other hand the large-scale magnetic loop structures observed in edge-on galaxies (Dettmar,
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private communication), the rising and falling gas motions above spiral arms (Sofue and Tosa 1974), the loops observed in
Orion (and towards the galactic centre (Appenzeller 1974, Sofue 1976, Scalo 1985, Sofue and Handa 1984) and the radio lobes
observed in NGC 3079 and NGC 4388 (Duric et al. 1983, Hummel et al. 1983 ) are thought to be produced by the Parker
instability. The Parker instability is also a possible mechanism for transporting material out of the disc since at nonlinear
stages it entraines a large amount of gas on kpc-scales.
The stability of a gaseous conguration partly supported by a parallel stratied magnetic eld in the presence of a
gravitational eld perpendicular to the direction of the magnetic eld was rst studied quantitatively by Newcomb (1961). He
derived the stability criteria and the corresponding growth rates and showed that the instability criteria are generalizations
of the Schwarzschild criterion. In a series of papers, Parker (1966, 1967, 1979) has discussed the instability in the context of
the Galactic disc, based on an equilibrium model with a constant gravitational acceleration, a magnetic eld parallel to the
galactic plane and stratied in vertical direction, and equipartition between magnetic, thermal and cosmic ray pressures. He
found the system to be unstable if the adiabatic index is smaller than a given critical value, which depends on whether the
wave vectors of the perturbations are 2- or 3-dimensional and provided the magnetic eld is large enough.
Over the past two decades, the details of the Parker instability have been lled in by means of analytical stability analyses
and numerical simulations. Additional eects and more physics (such as the inclusion of the rotation state of the galactic
disc, the spatial dependence of the gravitational acceleration, and dierent types of perturbations) have been included in
both analytical and numerical investigations. The interested reader is referred to review papers such as those of Mouschovias
(1996) and Shibata (1996). Here, we will restrict ourselves to the question of whether, and under which conditions the Parker
instability can lead to the formation of the observed looplike structures and gas motions in galaxies, and how it evolves under
strongly nonlinear perturbations such as SN explosions. Our studies are restricted to 2-D simulations, and we discuss in section
5 some of the uncertainty in our results arising from this restriction.
A realistic model describing this kind of environment has rst been presented by Kamaya et al. (1996). They account
for both the warm gaseous disc and the hot halo. They used a two-temperature equilibrium model in their 2D numerical
simulations of the Parker instability triggered by a supernova explosion taking place in the galactic plane. Under realistic
conditions, this kind of perturbation is most likely to be the reason for triggering the instability, rather then the sinusoidal
perturbations which are commonly assumed. Based on this model, they studied the eect of two values of the ratio of specic
heats and dierent energy input for the explosion on the instability, but did not discuss the influence of dierent values of
the gravitational acceleration on the growth of the instability (Horiuchi et al. 1988, Matsumoto et al. 1988, Giz & Shu 1993,
Kamaya et al. 1997, King, Hong & Ryu 1997). The most recent results on the influence of a spatially dependent gravitational
acceleration on the evolution of the Parker instability has been presented by Kim & Hong (1998) and Kim et al. (2000). The
initial vertical density and gravitational acceleration distributions are chosen such that the system is in equilibrium under
the assumption of isothermality. Most importantly, the gravitational acceleration reproduces the prole which can be derived
from observations of the spatial density distribution and velocity-distance data (Oort 1960, Bahcall 1984, Kuijken & Gilmore
1989), with g = 4 10−9 cm s−2 at a height of 500 pc above the disc midplane.
The gravitational acceleration is a parameter that can vary widely from galaxy to galaxy. It is known (van der Kruit
& Searl 1981) that all disc galaxies have approximately equal thickness of stellar discs, while the velocity dispersion of stars
varies in a wide range (Bottema 1995), and as soon as they are self-gravitating the gravitational acceleration must vary as
−2. Additional evidences can be found in observations of HI in nearby dwarf galaxies, where the observed HI scale heights
dier considerably from galaxy to galaxy: 625 pc for Holmberg II galaxy (Puche et al. 1992), 350 pc for IC 2574 (Walter
& Brinks 1999), 180 pc for the Large Magellanic Cloud (LMC) (Kim S. et al. 1999) { while the velocity dispersion of gas
varies in a very narrow range around g ’ 8 km s−1. On the other hand, the growth rate of the Parker instability and the
critical wavelength for instability are inversely proportional to the gravitational acceleration, the latter being important with
regards to the perturbations applied to trigger the instability. Thus, in order to understand the vertical distribution of gas
and magnetic elds in the haloes of galaxies, the evolution of large scale MHD perturbations in the ISM must be studied for
dierent values of the gravitational potential.
A SN explosion presents a nonlinear time and space dependent perturbation. Its eect on the growth of the instability
can be dierent from the usual sinusoidal perturbations and depends essentially on the dynamics of the explosion. The energy
input from SNe explosions (normally clustered in OB associations) is recognized to play a dominant role in structuring
the ISM and its overal dynamics in galaxies on scales up to tens of kpc. The standard scenario for producing large scale
motions by SNe involves the formation of a superbubble blown out into the gaseous halo or widely expanding within the disc
(Tomisaka & Ikeuchi 1986, Tenorio-Tagle et al. 1987, Mac Low et al. 1989, Palous et al. 1990, Mac Low & Ferrara 1999).
When a superbubble expands into a non-magnetized ISM, the condition for a blow-out to occur requires the expansion to
remain supersonic until it reaches a vertical distance of about two to three scale heights of the gas distribution (Kovalenko
& Shchekinov 1985, Mac Low & McCray 1988). However, in the presence of a magnetic eld the situation changes crucially.
Bernstein & Kulsrud (1965) and Kulsrud et al. (1965) rst addressed the question of how a spatially uniform magnetic eld
can aect the dynamics of a SN explosion. Subsequent studies by Giuliani (1982) and Ferriere et al. (1991) have contributed
to the understanding of dierent aspects of the dynamics of a SN remnant in a uniform magnetic eld. The main conclusion
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that can be drawn from these studies is that the magnetic pressure supresses the expansion of a remnant perpendicular to
the eld lines, and thus one can expect that in the presence of magnetic eld the energy released by SN explosions is conned
in the galactic disc. Tomisaka (1990) concluded from his numerical study that a magnetic eld with a standard strength
B0 = 5 G provides connement of the bubbles with typical mechanical luminosity of L  3 1037 erg s−1. Quite recently,
Tomisaka (1998) has described numerically the dynamics of a superbubble in a vertically stratied magnetic eld, specically
addressing the question of whether a superbubble is blown out or remains conned in the disc. He concludes that despite the
strong influence of the magnetic tension perpendicular to the eld lines, the expansion of superbubbles in vertical direction is
supressed much less than previously assumed and is kinematically similar to the hydrodynamical case.
One of the most important feature in the dynamics of superbubbles in a magnetized ISM is that as a result of the magnetic
eld compression by the shock front, magnetosonic waves are driven ahead of the front (Mineshige et al. 1993). The separation
between the magnetosonic wave and the shock front depends on the ratio of the Alfven velocity to the shock velocity, and
increases when the shock is slowing down. Thus, at late stages in the expansion of a superbubble the magnetosonic front can
disturb the magnetic eld and gas on large scales, much larger than the radius of a bubble, which in turn can initiate the
Parker instability when the characteristic radius of the magnetosonic front is comparable to the critical wavelength. Once this
condition is fullled, the flow associated with the Parker instability drags out the material driven by the superbubble thus
favouring its vertical expansion.
In this paper we will concentrate on the role of the gravitational acceleration and the ratio of specic heats on the Parker
instability triggered by a point explosion with emphasis on the possible interconnection between the supernova explosion and
the Parker instability by using a) an isothermal model and b) a two-temperature model accounting for both the galactic disc
and the halo. In the framework of 2D MHD, we will show that in general there are three dierent regimes depending on
the gravitational acceleration in the disc and on the ratio of specic heats: 1) When the gravitational acceleration is below a
certain value, a SN explosion initiates a slowly growing Parker instability on time scales much larger than the galactic rotation
period; 2) For large values of the gravitational acceleration the explosion drives a shock wave which initiates a rapidly growing
Parker instability with growth rates comparable to typical values of the galactic free-fall time; 3) For g  4:5 10−9 cm s−2,
and provided the ratio of specic heats is larger than the isothermal value, the Parker instability can amplify the blowout
flow { the resulting magnetic structures and gas dynamics are a product of the dynamical interaction of these two processes.
In all cases we start with the most favourable adiabatic index for the evolution of both processes (close to isothermal).
The paper is organized as follows: in Section 2 we describe our initial model and numerical method, in Section 3 we
qualitatively analyse the possible regimes of the Parker instability by means of energy estimates, in Section 4 we present our
results and we close in Section 5 with the discussion of the results and their possible astrophysical implications. A summary
of the results is presented in Section 6.
2 INITIAL MODEL AND NUMERICAL METHOD
The dynamics of the investigated system is described whithin the framework of ideal MHD simulations, by assuming the
gravitational acceleration to be constant. This is a simplifying assumption, which we only use in order to keep track of the
behaviour of the system, and in favour of other important assumptions (e.g.to account for the interaction between disc and
halo), work with a spatially dependent gravitational acceleration being already underway. We also assume that the thermal
and the magnetic pressure are initially equal, i.e. the plasma beta  = Pth=Pmag is 1, where Pth is the thermal gas pressure
and Pmag = B
2=(8) is the magnetic pressure, and neglect the eect of the cosmic rays. The simulations have been performed
using the Nirvana nite dierence code (Ziegler 1995, Ziegler et al. 1996), which is based on the same numerical techniques
as ZEUS (Stone and Norman 1992). With the above assumptions, the governing equations are:
D
Dt















here D=Dt  @=@t + v  r denotes the comoving derivative.
@B
@t
= r (vB): (4)
The system is closed by a polytropic equation of state
p = γ ; (5)
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Table 1. Characteristics of the one-temperature models
run g γ H c m
(cm/s2) (pc) (pc) (pc)
1Tg3 310−9 1.05 180 1307 2353
1Tg4.5a 4.510−9 1.05 126 871 1568
1Tg4.5b 4.510−9 1.4 126 1867 3361
1Tg6 610−9 1.05 94.5 653 1175
where all the quantities have their usual meanings. The equations are computed in two dimensions in cartesian coordinates,
with x being the longitudinal direction parallel to magnetic eld lines. In this paper we restrict ourselves to a constant
gravitational acceleration g. Since the perturbation is already nonlinear, space- and time-dependent, and is therefore more
complicated than the usually assumed non-localized linear perturbation, we can obtain a better understanding of the qual-
itative dynamics of the system with regards to basic assumptions, without contaminating eects from spatially varying g.
Moreover, it is worth stressing that the gravitational acceleration varies on a scale-height much smaller than the critical
wavelength for the Parker instability { for example, in the Milky Way galaxy, g increases from g = 0 to g = 3  10−9 cm
s−2 when z varies from z = 0 to z ’ 200 pc, and at z ’ 600 pc it reaches g = 6 10−9 cm s−2 (Kuijken & Gilmore 1989).
Therefore, the perturbations of relevant wavelengths, should be largely unaected by this variation.
Our simulations are starting from either one of the following models, which are based on the assumption for vertical
hydrostatic equilibrium:
i) An isothermal model which accounts for the disc only. In this case, the density distribution is an exponentially decreasing
function of z:
(z) = 0 exp(−z=H); (6)
with the scale height H = (1+−1)c2s=g, where cs is the isothermal sound speed. For all the runs we have assumed a tempera-
ture Td = 10
4K and a midplane density of the disc of n0 = 1 cm
−3. Three dierent values for the gravitational acceleration, g =
3; 4:5 and 610−9 cm s−2 have been chosen. The parameters for the dierent runs are summarised in table 1, which also con-
tains the corresponding values for the scale-height and the critical wavelength c = 4H [γ=(2(1 +  − γ)(1 + )− γ)]1=2
(Mouschovias 1996). The wavelength of maximum growth for   γ  1 is m = 1:8c for the instability.
The computational domain ranges from zmin = 0 to zmax = 2100 pc and xmin = 0 to xmax = 3600 pc. The total number of
grid-zones is Nx Nz = 242 142, with a grid spacing of z = 15 pc.
ii) A two-temperature model, accounting for both, the disc and its halo. The underlying model corresponds to the one proposed
by Kamaya et al. (1996). The density-distribution is calculated from a prescribed temperature prole:












where wtr is the thickness of a transition layer between disc and corona, Tc is the coronal temperature, and for zc  wtr (in
our case zc = 1 kpc and wtr = 4z) Td can be identied with the midplane temperature of the disc. The above prole leads










where  = 1 is the molecular mass of the gas in the disc, < is the gas constant, and I(z) is a function of Tc; Td; wtr and the
height of the disc zc which results from the integration. The coronal temperature is Tc = 2:5  105K, and the temperature
in the disc is Td = 10
4K. The rather low value of the temperature in the halo is chosen in order to avoid strong density and
temperature jumps, which lead to numerical errors on the interface between disc and halo due to averaging of the physical
quantities. However, this is a standard assumption in simulations of the Parker instability in two temperature models (Shibata
et al. 1989, Matsumoto et al. 1993, Kamaya et al. 1996). In the real ISM, where radiative cooling can be important on relevant
time scales, this temperature corresponds to the peak of the cooling function, and therefore a larger temperature has to be
chosen in order to weaken the eects of radiative losses. Shibata et al. (1989) have shown that the nonlinear dynamics of the
instability initiated by a non-localized sinusoidal perturbation depend only weakly on the ratio Tc=Td. One can thus expect
that for the SN driven Parker instability, the results obtained for Tc = 2:5  105K provide us with a qualitatively correct
understanding for even larger coronal temperatures. The runs performed with this model are summarized in Table 2. We used
three dierent values for the gravitational acceleration, and four values for the ratio of specic heats γ.
The computational domain ranges from zmin = 0 to zmax = 5400 pc and from xmin = 0 to xmax = 3600 pc. The total
number of grid-zones is Nx  Nz = 242  362, which results in a grid spacing of x = z = 15 pc. The point explosion is
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Table 2. Characteristics of the two-temperature models
run g γ H c m
(cm/s2) (pc) (pc) (pc)
2Tg3k1.05 310−9 1.05 180 1307 2353
2Tg3k1.4 1.4 2675 4815
2Tg3k1.75 1.75 | |
2Tg4.5k1.05 4.510−9 1.05 126 871 1568
2Tg4.5k1.4 1.4 1867 3361
2Tg4.5k1.6 1.6 | |
2Tg4.5k1.75 1.75 | |
2Tg6k1.05 610−9 1.05 94.5 653 1175
2Tg6k1.4 1.4 1404 2528
2Tg6k1.6 1.6 | |
initialized in the origin such that a quantity of thermal energy E = 1051erg and a mass of Mexpl = 10M is concentrated in a
cylindrical volume with rcyl = 43 pc and height Y = 1 kpc. In our simulations the explosion is initialized by an instanteneous
energy release { we did not perform computations with a continuous energy input with constant energy ejection rate. Such
an approach is justied by the fact that the Parker instability normally develops on time scales longer than the typical time
for vigorous evolutionary stages of OB associations.
3 ENERGY REQUIREMENT
In order to understand the dynamics of the Parker instability driven by a SN explosion, we present qualitative estimates for
flows produced in a stratied ISM by point explosions. For a point explosion in an exponential non-magnetized atmosphere,
the energy required to produce a blow-out can be estimated from the condition that the hot bubble expands supersonically
when its radius Rs reaches  3H , H being the scale height of the gas distribution (Kovalenko & Shchekinov, 1985, Mac Low
& McCray, 1988). This can be understood from a simple estimate of the shock velocity at the upper point of the bubble z,







This function has a minimum at z = 3H (see Ferrara & Tolstoy 2000). Additionally assuming the bubble to be spherical when










The minimum energy for a blow out to occur in a magnetized atmosphere can be estimated by requiring the velocity at





















Since H is proportional to c2s and to g
−1, eq. (11) shows that EBmin strongly depends on the sound speed in the ISM (/ c8s),
and on the gravitational acceleration in a host galaxy (/ g−3). For 0 = 1:67  10−24 g cm−3, T = 104 K, γ = 1:05 and
g = 3 10−9 cm s−2, the resulting minimum energy is EBmin = 4 1051 erg. Note, that the value of EBmin required to produce
a blow-out in the hot halo scales as EBmin / hT 4h , where h and Th are the density and temperature of the halo at the disk
midplane. At a density corresponding to nh  0:01 cm−3 and Th = 25104 K the minimum energy is EB = 31054 erg. This
estimate was obtained by neglecting radiative losses, i.e. assuming adiabatic expansion, and can thus be considered as a lower
limit. This assumption is reasonable. As shock waves expand into a magnetized medium, radiative losses are not particularly
severe because the post-shock compression is always weaker in the presence of a magnetic eld.
In general, the presence of a magnetic eld provides counter-pressure which tends to weaken the propogation of a shock.
Within a uniform magnetic eld a hot bubble elongates along the eld lines, and for a standard energy input or mechanical
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luminosity, remains conned in the galactic disc (Tomisaka 1990). In a stratied magnetic eld with  = 1, the situation
changes as compared to the non-magnetized case. The most interesting new dynamical feature here is connected with the
acceleration of the shock front in the vertical direction and deceleration of the contact discontinuity between the hot bubble
and the shocked ISM gas, so that the vertical size of the hot bubble itself is smaller than in the non-magnetized medium, while
the thickness of the layer of shocked gas and the vertical size of the disturbed zone is larger (Mineshige, Shibata & Shapiro
1993, Tomisaka 1998). In these calculations the time and spatial scales were restricted to t  10 − 40 Myr and R  0:6 − 1
kpc, respectively, and the main conclusion of whether a SN produced bubble is conned to the disc or blown out is drawn
from the violent early evolutionary stages of the bubble and its associated shock wave. However, at later stages, even a weak
shock (or acoustic) wave can stimulate the growth of the Parker instability.
The minimal SN energy required to produce the Parker flow can be derived from the following requirement. The size of the
region occupied by the magnetosonic (or Alfven) wave RB must grow larger than the critical wavelength of the instability c,
and the amplitude of the wave must be large enough to allow the instability to grow on time scales less than the rotation period
tR of the galaxy. In the linear regime, the velocity amplitude grows as v  v0 exp(t=tP ), where v0 is the initial amplitude,





s exp(−ti=tP ). Typically, a remnant will expand for about 50 Myr, the value that we will for ti, and tP  10





In order to estimate the oset time for the Parker instability, we assume that the shock front moves vertically relative to
the contact discontinuity with constant velocity equal to the magnetosonic speed vm and the discontinuity itself propagates
with a velocity that coincides by the order of magnitude with the shock velocity of a spherical SN remnant of radius Rs in
the Sedov-Taylor phase vd  vs = 2Rs=5t. Thus, vertically, the magnetosonic front reaches the distance:












where Rs is the radius of the bubble (assumed spherical), and vs is the shock velocity. Here the expansion time, t = 2Rs=5vs,
for an adiabatic bubble has been substituted. Horizontally, the shock front propagates with the Alfven velocity and reaches
the distance:









We assume that when 2RB = 2
p
R2z + R2x = c, the Parker instability begins to grow. The minimum energy can then be




s. For  = 1, this leads to RB ’ 2Rs, and
thus the condition for the Parker instability to grow is Rs ’ c=4, or Rs ’ 1:8H . Substituting this value into Eq. (9) for










(2−1 + γ) exp(−2tR=tP )0c2sH3: (14)
By comparing (11) and (14) we see that in the presence of a stratied magnetic eld with   1, the explosion energy
required to initiate the Parker instability is much less than the explosion energy required to produce a blow out. For tR  50
Myr and tP  10 Myr, EPmin can be only  10−4 EBmin in the one-temperature model, and  0:1EBmin in a two-temperature
model with tP  50 Myr in the halo. This energy can be considered as an upper limit if we realize that even subsonic (slow
magnetosonic) waves can be amplied in an atmosphere with a decreasing density prole. In an exponential atmosphere the
velocity amplitude of acoustic waves increases as (see Lamb 1932),
v / ez=2H : (15)
When the Parker instability initiated by magnetosonic perturbations starts to grow, the amplication can be stronger due to
the fact that the flow associated with the instability removes gas from the upper parts of the forming loop and the perturbation
propagates in a medium with a temporally decreasing density. If we assume a density decrease described by  / exp(−t=tP ),
then the velocity amplitude of the magnetosonic wave can grow as






As a result, a secondary shock wave can build up in response to the subsequent steepening of the front of the magnetosonic
wave. Such secondary shocks appear in the numerical simulations shown in Section 5.








which leads to the estimate for the minimal blow out energy (equivalent to Eq. 9) in the 3D case of:




 2(2−1 + γ)0c2sH2; (18)




 2(2−1 + γ) exp(−tR=tP )0c2sH2; (19)
where " is the explosion energy per unit length and Y is the size of the computational domain in y.
4 RESULTS
4.1 One temperature model
In order to describe the actual situation in a galactic environment in a realistic way, one needs to account for the observed
dierence in temperature between the disc and the halo. Nevertheless, in order to help x ideas, we have performed several runs
within the framework of an isothermal distribution. We were motivated by the fact that most of the previous numerical studies
of the Parker instability initiated by non-localized (smoothly distributed) large scale perturbations have been conducted within
the connes of an isothermal ISM (Basu, Mouschovias & Paleologou 1997, Kim J. et al. 1999, Kim et al. 2000). A localized
point-like energy release, which is growing in time, should trigger the various phases of an unfolding dynamical instability
on dierent timescales than a non-localized source of energy release. Therefore, the primary reason for our examination of
isothermal models is to compare the dynamical features of the Parker instability driven by perturbing sources with a dierent
character of the spatial and temporal distribution. Unlike the case of a non-localized linear perturbation, the SN explosion
itself is a nonlinear dynamical process, and hence, under appropriate conditions, the two processes { the SN explosion and the
Parker instability { can interact and amplify each other depending on the given time scales. Such an interaction can be better
understood in simple isothermal models because the sound speed is spatially homogeneous and because the contaminating
features which plague non-homogeneous (two temperature) media (see Section 4.2) do not appear.
The energy input which we apply in order to start the explosion and trigger the instability (see section 2) does not
always correspond to a strongly nonlinear perturbation. Its relative magnitude can be estimated as the ratio E=Eth, where
Eth = (γ − 1)−1kBn0TV , V being the volume of the perturbed region. For example, for γ = 1:05 and V = 432  1000 pc3,
this is only E=Eth ’ 0:43. Therefore, for γ  1, the energy input E = 2  1051 erg does not correspond to a SN explosion but
rather to a point-like nearly linear perturbation { most of the astrophysical details of a realistic energy input from a SN are
left aside. It allows us, however, to understand how a Parker instability initiated by a weak localized perturbation develops
under these basic assumptions.
We thus expect that when γ is small and the gravitational acceleration is less than  5  10−9 cm s−2), the growth
rates for the Parker instability are much smaller than the existing growth rates for similar models, based on non-localized
(sinusoidal) perturbations. The reason for this dierence is that a point-like perturbation can initiate the instability only
when it has propagated to overcritical spatial scales, and since for small γ the produced perturbation is weak and propagates
with sound speed, it takes t  c=cs Myr until the instability can start to grow. Moreover, the magnitude of the perturbation
when it reaches overcritical scales is very small. On the other hand, a non-localized overcritical perturbation starts to grow
directly at t = 0. When g becomes larger c becomes smaller and the stratication becomes stronger. A localized perturbation
can therefore propagate more rapidly up to the critical scale. Additionally, for larger γ, the perturbation increases and a
shock wave can be produced. As a result, the instability is growing much faster, on scales comparable to those obtained for a
non-localized perturbation.
4.1.1 Small γ, small g
The simulations performed in this category correspond to model 1Tg3 in table 1. The energy density contained in the perturbed
region is  = 1:210−11 erg cm−3, while the background thermal energy density is  = 2:7610−11 erg cm−3. Therefore, the
perturbation is only weakly nonlinear with a relative magnitude = ’ 0:4, by a factor of ’ 14 less than for a monoatomic
gas with γ = 5=3. In the initial stages, a sonic shock wave forms, which later becomes subsonic and propagates as a linear
perturbation { a magnetosonic wave. The estimated time for the perturbation to reach a height equal to the critical wavelength
in this case is about 126 Myr. In models with a sinusoidal perturbation, the Parker instability at this stage was already well
into the nonlinear regime (see Mouschovias 1996, Matsumoto et al. 1988 for comparison). In our case, only after this time has
passed, is the instability initiated. After 296 Myr, the Parker flow is well developed with maximum velocities at the footpoints
of the loop of about 4cs and an increase in thermal pressure at the foot points of the loop of up to one order of magnitude
with respect to the initial values. The elevation of magnetic eld lines, however, is not very prominent and a saturation is
reached after 296 Myr.
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Figure 1. Velocity vectors in the x − z-plane (upper panel) and magnetic eld lines (lower panel) for t = 164 Myr, g = 6  10−9 cm
s−2 and γ = 1:05.
4.1.2 Small γ, large g
Model 1Tg4.5a. Here the gas scale height is smaller than in the previous case, and therefore the shock wave is stronger at
given z. In addition, the critical wavelength is smaller in this case, so that the perturbation covers the scale of one critical
wavelength after only 53 Myr. The supersonic flow sparks rapid growth of the Parker instability because the velocity and
magnetic eld perturbations are nonlinear: v > cs, B > B0. At these stages, feedback features are observed in the dynamics
of the outflow: due to the growing Parker instability, gas starts to slide downward along the eld lines and the density in
the upper parts of the expanding shell decreases. This allows for the hot bubble and the lightened shell to expand rapidly
upward. However, due to this interaction between the two flows { the expanding gas and the Parker instability { the amount
of mass ejected into the halo is smaller in comparison with the models where the instability cannot grow. The velocity of both
the outflowing gas carried by the magnetic eld loops, and the gas sliding downward along the loops, is strongly supersonic,
reaching velocities of up to 5cs (the plasma beta reaches 0.01 in the middle loop regions and 100 in the foot point regions, for
all z.
Model 1Tg6. Due to the further decrease of the scale height, the amplitude of the magnetosonic wave is larger at a
given z than in the previous cases, and when the wave reaches approximately 2H (at t  20 Myr) it becomes supersonic.
In t  43 Myr the perturbation has propagated up to the actual c and the Parker instability can grow. As seen in Fig.
1 at t = 164 Myr, the Parker flow is already well developed, so that the velocity proles near the vertical symmetry plane
show a self-similar behaviour, typical for the advanced stages of the Parker instability (Shibata et al. 1989), with the gas
being accelerating upward. There is also evidence for a small secondary loop centered at x = 1:2 kpc with roughly the critical
wavelength. In the next Section we will see that in the two temperature models, the eects of the self-propagating Parker
instability (the formation of multiple loops) are more pronounced. The velocity vectors are normalised to the sound speed,
which is represented in the lower right corner of the domain. After 164 Myr, the plasma beta has decreased by about two
orders of magnitude with respect to the initial equipartition value. At the foot points of the loops, there is evidence for strong
shock waves, built from gas sliding downward with supersonic velocities. These models tend to show that a larger gravitational
acceleration, g, results in larger flow velocites for a given time and height and a stronger decrease of the plasma beta.
SN driven Parker instability 9
Figure 2. Velocity vectors in the x − z-plane (left panel) and magnetic eld lines (right panel) for t = 410 Myr, g = 3  10−9 cm s−2
and γ = 1:05.
4.1.3 Large γ
Model 1Tg4.5b. When γ increases, the relative perturbation increases according to = / (γ − 1) (for γ = 1:4, = ’ 3:6).
This means that the perturbation can drive a strong shock wave and forms a shell from the very beginning. Even though
c is very large in this case (about three times larger than for g = 6  10−9 cm s−2), the perturbation propagates strongly
supersonically and after t = 40 Myr, the scale of c is reached and the instability can grow. Further expansion leads to
acceleration of the shock and the postshock flow due to both exponential decrease of the density, and evacuation of gas from
the upper regions of the shell. The associated Parker flow is already highly developed. Proles of vertical velocity, in a narrow
region close to the vertical symmetry plane, show signs of a self-similar behaviour which diers from the linear self-similar
velocity proles described by Shibata et al. (1989). We assign this dierence to the interaction between the expanding shock
and the Parker instability. By comparing models 1Tg4.5a and 1Tg4.5b, we can thus conclude that increasing γ while keeping
the gravitational acceleration constant results in the flow displaying more vigorous dynamics. This is a direct consequence of
the larger relative amplitude of the perturbation for larger γ.
4.2 Two temperature model
The observed HI density distribution (see Dickey & Lockman 1990), as well as the distribution of X-ray and radio-continuum
emission (Kalberla & Kerp 1998) suggests that the ISM is intrinsically multi-component. For our purpose, the ISM can be
reasonably described by a two temperature distribution with a warm disc and a hot overlying corona (see Shibata et al. 1989,
Kamaya et al. 1996). In such models, new dynamical eects appear. On one hand, due to the large sound speed in the halo,
the SN-triggered wave starts to propagate much faster when it reaches the interface. The parts of the wave front propagating
along the interface therefore disturb the gas in the disc through associated perturbations of pressure, and thus, at a given
time, the perturbation covers much larger distances in x than in the isothermal case. In general, the development of the Parker
instability is favoured, and multiple loops are produced in the disc. On the other hand, due to the much larger scale height
of the hot halo, the instability could saturate when the loops are entering this medium.
Kamaya et al. (1996) have obtained the strongest evolution of the SN driven Parker instability extending deep into the
halo in their two temperature model. However, they adopted a specic heat ratio of γ = 1:05 for which, as we mentioned
above, the relative perturbation is rather small and can be considered as weakly nonlinear point-like. In order to better
understand how the system responds to nonlinear perturbations with larger relative magnitude, we have studied the eect of
larger γ (including γ > γc). We have perfomed exploratory simulations for a wide range of parameter combinations, which
are summarized in Table 2.
4.2.1 Low g
Model 2Tg3k1.05. In this case, the relative perturbation is weak, and thus the explosion front propagates with subsonic velocity
up to 1-2 scale heights of the disc. Subsequent expansion in an exponential environment is accompanied by the amplication
of the wave, which becomes supersonic when the front reaches a height of about 4H. In about 50 Myr, the perturbation has
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Figure 3. Velocity vectors in the x − z-plane and magnetic eld lines at t = 186 Myr (lower panel) for g = 4:5  10−9 cm s−2 and
γ = 1:6.
Figure 4. Velocity vectors (left panel) and magnetic eld lines (right panel) at 156 Myr for g = 4:5 10−9 cm s−2 and γ = 1:75.
reached the interface between the disc and the halo, and in the following  30 Myr, it covers a vertical range of  3 kpc, while
horizontally in the disc the critical wavelength is covered at this time. As a consequence, a weakly growing Parker instability
is initiated with well dened loops building up in about 410 Myr, as seen in Fig. 2, which shows the velocity vectors and
associated magnetic eld lines. The vertical arrow in the left lower corner of the domain represents the sound speed, to which
the velocity of the flow is related. While the wavelength of the main loop centered at about 2 kpc can be estimated to be about
2 kpc, which is close to the wavelength of maximum growth (see table 2), the two half-loops that are also seen in the picture
have smaller wavelength. This dierence is a consequence of the interplay between the applied nonlinear perturbation and the
interface. The perturbation propagating faster in the halo than in the disc is disturbing the interface and is bei ng transmitted
in this indirect way to the disc driving a propagating Parker instability: when it covers a horizontal distance comparable to
the wavelength of maximum growth, the instability forms a loop in shortest time. To the contrary, the half-loop centered
at the origin is initiated directly by the explosion, and is growing slower. This is a consequence of the implied nonlinear
perturbation. The density increase in the valleys relative to the ambient medium for a given z reaches about a factor of 10.
We want to emphasize, however, that this growth time is much larger than the typical growth times obtained as a result of
sinusoidal perturbations (see Matsumoto et al. 1988, Mouschovias 1996, Kim et al. 2000), and depending on the rotation time
of the galactic disc at the given distance from its centre, the instability might become irrelevant on interesting time scales.
In addition, the elevation of magnetic eld loops from the disc into the halo is not very signicant, reaching out to at most 2
kpc.
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Figure 5. Velocity vectors and magnetic eld lines at 41 Myr (bottom) and 199 Myr (top) for g = 6 10−9 cm s−2 and γ = 1:05.
Model 2Tg3k1.4. As γ increases, the perturbation also increases as described in the one-temperature models, and the flow
is more strongly supersonic in both z and x. Even though the critical wavelength is larger in this case, it can be reached by the
perturbation faster than in the case of lower γ. The simulations therefore reflect a smaller growth time than in the previous
case, while the overall evolution of the system is very similar, including the formation of the secondary loops dicussed above.
For γ = 1:75, the Parker instability is not growing on relevant time scales, contrary to the case of larger gravitational
acceleration, where, as discussed in the next section loops are still formed.
4.2.2 Medium g
The models with g = 4:5  10−9 cm s−2 are characterised by lower scale heights and critical wavelengths, and show faster
evolution than for smaller gravitational acceleration as expected from linear analysis. In model 2Tg4.5k1.05, the initial relative
perturbation is small, and the dynamics of the stimulated flow is similar to that in model 2Tg3k1.05, although more vigorous.
The Parker instability therefore grows on shorter time scales. However, even for this stronger gravitational acceleration,
signicant loops with density enhancement in the pockets comparable to those obtained in the previous case are built only
after 330 Myr. In the simulations with larger γ, models 2Tg4.5k1.4, 2Tg4.5k1.6 and 2Tg4.5k1.75, the initial relative amplitude
of the perturbation becomes much larger so that shock waves form. Fig. 3, where we represent the velocity vectors and magnetic
eld lines at t = 186 Myr for γ = 1:6, shows the well developed Parker loops and associated gas flow. A second loop with a
smaller wavelength is visible in this plot.
For γ = 1:4, the evolution is similar and the growth time is roughly the same. Subsequent time steps show the rising
large-scale Parker loops reaching far out into the halo up to z = 3 kpc. In addition, the loops cause a radial outflow to be
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Figure 6. Velocity vectors and magnetic eld lines at t = 41 Myr (top) and t = 164 Myr (bottom) for g = 610−9 cm s−2 and γ = 1:6.
driven ahead. For all γ, the largest vertical velocities are determined by the gas sliding down along the footpoints of the loops,
and can reach 3cs (where cs is the sound speed in the disc, which we have represented in the lower right corner of the left
panel).
In the linear theory, the Parker instability grows only when γ is less than the critical value γc = (1+
−1)2=(1+3−1=2),
which for  = 1 is 1.6. For larger γ, MHD waves disperse the perturbation on time scales which are less than the free-fall time.
When the disturbance is nonlinear, it can form and then maintain a localized structure which allows gas to slide down along
the curved magnetic lines, and thus even for γ  γc, one can expect the Parker instability to grow. In the above-described
model 2Tg4.5k1.6, both c and m are indenite. At the same time, the critical value for γ has been derived in the theory of
linear perturbations. However, for nonlinear perturbations the dispersion relation will change and γc is expected to change as
well. Even in the model 2Tg4.5k1.75 we observe formation of loops, but on larger time scales compared to the previous two
models. In Fig. 4, we show the velocity vectors and magnetic eld lines for t = 156 Myr.
4.2.3 Large g
All three investigated models 2Tg6k1.05, 2Tg6k1.4 and 2Tg6k1.6 show vigourous growth of the Parker instability on scales
less than or comparable with the rotation period of the galactic disc. In Fig. 5, we show the evolution of the instability for
γ = 1:05. The upper panel shows the propagation of the perturbation at t = 41 Myr, while the middle panel is already
representing the fully evolved instability after only 199 Myr. The main loop centred in the origin has roughly the size of the
wavelength of maximum growth (see table 2) while the secondary loop already visible at this stage forms at about the critical
wavelength.
For larger γ, the equivalent energy input is strong enough to lead to a supersonic shell when the front reaches the hot
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halo. This can be seen in the lower panel of Fig. 6. The front is pushing a magnetosonic amplifying wave upwardly which soon
becomes nonlinear and forms a secondary shell. Compared to γ = 1:05, the dynamics of the system is much more vigorous.
The developed magnetic eld structures are much more extended in x. We attribute this to the interaction between the
Parker flow and the blow-out and to the larger critical wavelength. Secondly, the magnetic eld lines show a more shell-like
structure, indicating the presence of a strong radial outflow, which can be seen in the upper panel of Fig. 6 at t = 164 Myr.
The maximum velocity of the flows reaches about 6cs.
5 DISCUSSION
In all cases we considered, the energy input E is always less than the minimal energy EBmin required for a blow out by a
factor 2{5 depending on g and γ, but larger than the minimal energy EPmin needed for the Parker instability to grow on one
rotational time tR. We are thus in the range where the standard blow out does not operate, and the outflows produced by an
explosion are connected with the growing Parker instability.
The explosions with E > EPmin initiate the nonlinear Parker instability during the later stages of their evolution. The
growth time related to the rotation time of the galactic disc depends on the gravitational acceleration and the ratio of
the specic heats. When the characteristic dynamical time for a weakened shock wave and the growth time for the Parker
instability are comparable, the two processes interact. Even though the shock wave is transsonic (Mach number M  1), it
produces a nonlinear perturbation in the velocity and magnetic eld, v  cs and B  B0, respectively. At these conditions
the compression of gas and magnetic eld and the Parker flow operate simultaneously. The Parker instability evacuates gas
from upper parts of the magnetic loop, resulting in a faster expansion of the interior hot bubble, or the expanding bubble is
carrying material away, allowing for the magnetic eld to rise more easily and for the instability to grow faster. Due to this
interaction, the shell looses mass. As a consequence, the total amount of gas which can be ejected into the halo is expected
to be less than in cases when the Parker instability does not operate. At the same time, the magnetic loops formed by such
flows must be more prominent and must extend further out into the halo. From this point of view, the structures built dier
qualitatively from those which arise when the Parker instability is initited by a non-localized linear sinusoidal perturbation.
In the latter case, a steady state appears to be reached and the loops extend up to  1 kpc with respect to the plane (Kim et
al. 2000). We can thus conclude that the origin of the large scale magnetic loops observed in haloes of edge-on galaxies might
likely be connected with explosions in the underlying discs with the explosion energy lying in the range EPmin < E < E
B
min.
Assuming the luminosity function of OB associations to be universal (a power-law, Williams & McKee, 1997) one can expect
that large scale magnetic arches must be more numerous in galaxies with larger gravitational acceleration g, as both EPmin
and EminB decrease with g.
Although we have not considered the limit E > EBmin, we expect the hot bubble and the shell to expand much faster than
the Parker instability evolves, so that the eects of removal of gas from the shell can be neglected, and the total amount of
mass ejected into the halo is comparable to that expected for explosions in a non-magnetic ISM. Such explosions also produce
large scale magnetic arches in galactic halos. However, in this case, a much larger amount of gas must be associated with the
loops in comparison with explosions having smaller energies. It is evident that magnetic structures of this kind must be less
numerous in galactic halos since EPmin < E
B
min.
We conclude that the ejection of mass and magnetic elds into the galactic haloes due to blowing out SNe explosions is
most ecient in galaxies with large gravitational acceleration g. Consequently, galaxies with large g must have more massive
halos (relative to the mass of their gaseous discs), smaller scale heights, and more prominent large scale magnetic arches.
Assuming that the gas mass in galactic halos is proportional to the number of OB associations with the SNe energy larger
than EBmin, and that the luminosity function of associations is universal, one can expect the mass of the halo gas to vary as
proportional to g3. By comparing the energy limits EPmin and E
B
min, one can conclude that the large scale magnetic Parker
loops in the halo of a given galaxy must be more numerous than the blow-out events. From the observational point of view,
these structures dier from each other mainly by their plasma  parameter: in blow-out flows   1 since the frozen-in
magnetic eld is compressed by a gas flow that is predominantly transverse, while in magnetic loops formed due to the Parker
instability,   1, since the gas flow here is predominantly longitudinal (Mouschovias 1974). However, in order to distinguish
these structures, one needs to measure both the strength of the magnetic eld and the gas pressure in galactic halos, which
is beyond the present observational possibilities.
In all cases, we assumed equipartition between thermal and magnetic pressure for the unperturbed background state.
However, both the critical wavelength and the characteristic growth rate for the Parker instability depend on : for a xed γ
the critical wavelength becomes innite and the instability does not develop when  is larger than a critical value c(γ). The
growth rate decreases in the limits  < 1 and  > 1 and reaches a maximum around   1. One can therefore expect that
in galaxies where the equipartition between thermal and magnetic pressures is not given, the Parker instability is supressed,
and only blow-out flows can occur, provided the energy input from SNe explosions is large enough E > EBmin.
All the above conclusions have been drawn from 2D studies of the Parker instability. In a 3D treatment, the growth of
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small wavelength perturbations due to the manifestation of the interchange mode may change the dynamics of the system.
Kim et al. (1998) have shown that the nonlinear phase and the nal structures of the Parker instability in 3D can be dierent
from those in 2D simulations. However, one has to bear in mind that they have assumed equipartition between thermal and
magnetic pressure in the initial state and the linear growth of the Parker instability in 3-D, when the magnetic pressure is
large compared to the thermal pressure is very dierent from the situation when beta is uniy. Based on this later assumption,
they have demonstrated that in the planes perpendicular to the direction of the magnetic and gravitational eld, the flow can
be characterized as chaotic, while in the plane that contains the magnetic and gravitational eld, the structures produced
by the undular mode are still present and persist over a period of about 40 H=c. This time translates into about 400 Myr
in our model for g = 6 10−9cm=s2 an would leave enough time for the interaction we are concerned with to operate in 3D
as well. Apart from this aspect, we study the evolution of the instability under a strongly nonlinear perturbation, the SN
explosion. Compared to randomly applied perturbations, which are associated with equally distributed power in all possible
wavenumbers, this perturbation has most of its power in the low wavenumber modes. The large wavenumbers favoured by the
interchange mode will grow as well, but it will take longer for them to reach dynamically signicant amplitudes. In addition
they will be masked by the supersonic motions associated with the SN explosion and later the supersonic motions of the
undular mode. Since our system is more complicated than the usual picture in which linear perturbations are used, it is not
possible to completely infer the evolution of such a system from purely intuitive arguments. 3D simulations of the SN explosion
induced Parker instability will provide us with the nal answer and we will address this issue in a forthcoming work.
6 SUMMARY
In this paper our primary interest has focused on the evolution of the Parker instability induced by a single SN explosion. We
have explored the dependence of the instability on the gravitational acceleration in the host galaxy and the ratio of specic
heats, while we kept the energy input of the explosions as well as the volume in which this energy was distributed constant. It
was our aim to address the question of how the energy input from an explosion converts into large scale motions corresponding
to the Parker flow, depending on the gravitational acceleration in a host galaxy. Our results can be summarised as follows:
1. The question of whether the Parker instability triggered by a single SN explosion can lead to the observed large scale
magnetic eld loops in the halos of galaxies is strongly connected to the strength of the gravitational acceleration in the host
galaxy, the energy of the explosion and the ratio of specic heats. We found that for values of the gravitational acceleration less
than 4:5 10−9 cm s−2, the instability is growing on much larger time scales in comparison to the models where a sinusoidal
perturbation was applied in order to trigger the instability. The relevance of the instability in this case must be judged by
relating its growth time to other dynamically important time scales (e.g. the rotation time of the galactic disc at the given
distance from its centre). For larger g (around 6  10−9 cm s−2) the growth rates for the instability are comparable to the
models with nonlocalised perturbations. In this case, we obtained large growth rates for the instability. We conclude that in
galaxies with large g in the disc, the Parker instability is relevant on dynamical time scales.
2. The choice of γ > 1 is equivalent to a larger amplitude of the localised perturbation and leads to larger growth
rates of the instability. We obtained signicant growth even for γ larger than the critical value γc = 1:6 known from the
linear theory. This result is in agreement with the results obtained by Kamaya et al. (1996). One reason for this apparently
contradictory behaviour is the applied nonlinear perturbation which changes the dispersion relation, and therefore the growth
rate of the instability. The linear critical γ therefore should no longer be valid in this case. On the other hand, strong nonlinear
perturbations are unaected by the dispersive properties of the background medium.
3. Even one SN explosion can lead to the formation of multiple loops due to the fact that the perturbation propagates in
the disc. The secondary loops in general are associated with smaller growth rates.
4. The SN explosion and the Parker instability are two dynamical processes that can interact and can influence each
other depending on the given energetics, i.e. the minimal energy EP required for the Parker instability to be initiated and
the minimal energy EB for the blow-out. In general, we distinguish three cases: a) If EP < E << EB the observed magnetic
structures are a consequence of the Parker instability; b) For EP < E < EB the two processes interact and the resulting
structures are a consequence of this interaction; c) For E > EB the ejection of mass and magnetic eld into the halo is
mainly due to the blow-out flow. Our simulations are only adressing case b). Observed outflow rates should reflect these three
regimes. The dependence of the dynamics of the system on g can be converted into the dependence on the input energy via
the scaling laws Eg2 =const in the 2D case and Eg3=const in 3D.
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